Environmental factors contribute to the motivation to eat and can override homeostatic signals to stimulate eating in sated states, or inhibit eating in states of hunger. In particular, stress, fear, and anxiety have been linked to suppression of eating and anorexia nervosa. Here, we use a rodent model of an aversive cue-induced cessation of feeding. In this setting, food-deprived rats suppress eating when presented with a tone [conditioned stimulus (CS)] that was previously paired with footshocks [unconditioned stimulus (US)]. To begin to delineate the underlying neural circuitry we examined the two regions of the amygdala with well known roles in associative learning-the central nucleus (CEA) and the basolateral area (BLA; includes the basolateral, basomedial, and lateral nuclei). We produced selective, bilateral, neurotoxic lesions of the CEA or BLA, and then trained these rats together with sham-lesioned controls in a behavioral protocol that allowed a test for food consumption in the presence of an aversive CS. Both sham-and BLA-lesioned rats showed inhibition of eating when presented with the CS. In contrast, bilateral, neurotoxic lesions of the CEA abolished this effect. These results demonstrate that the CEA, but not BLA, is critical for control of feeding by an aversive CS. Previously we demonstrated that enhancement of eating by an appetitive CS is dependent on the integrity of BLA, but not CEA. Those findings together with the current results show a double dissociation between amygdalar subsystems that control food consumption by appetitive and aversive learned cues.
Introduction
The motivation to eat is not only controlled by metabolic needs, but also by extrinsic factors that are not related to energy balance (Booth, 1989; Woods, 2005; Fehm et al., 2006; Berthoud, 2007) . Environmental signals, including learned cues, can override homeostatic signals to stimulate eating in sated states, or inhibit eating in states of hunger (Weingarten, 1983; Stroebele and De Castro, 2004; Popkin et al., 2005; . Persistent nonmetabolic modulation of neural systems that control feeding could be a contributing factor to dysregulation of appetite and eating disorders. Notably, stress, fear, and anxiety have been linked to both cessation of eating and anorexia nervosa (Job and Barnes, 1995; Hotta et al., 1999; Vallés et al., 2000; Klein and Walsh, 2004; Kaye, 2008) , and enhancement of eating (Levine and Morley, 1981; Badiani et al., 1996; Polivy and Herman, 1999; Hagan et al., 2002; Dallman et al., 2005; Tamashiro et al., 2007) . Here, we use a rodent model of decreased food consumption induced by learned aversive cues. In this setting, food-deprived rats curtail eating when presented with a discrete conditioned stimulus (CS) that has acquired aversive properties-a tone previously paired with footshocks [unconditioned stimulus (US)].
To define critical neural circuitry for such learned regulation of feeding, we focused on two regions of the amygdala with well known roles in associative conditioning-the central nucleus (CEA) and the basolateral area (BLA; includes the basolateral, basomedial, and lateral nuclei) (Kapp et al., 1984; Davis, 1992; Killcross et al., 1997; Fendt and Fanselow, 1999; Holland and Gallagher, 1999; Gallagher, 2000; LeDoux, 2000; Davis and Whalen, 2001; Maren, 2001; Cardinal et al., 2002; Phillips et al., 2003; Balleine and Killcross, 2006) . Recently, we demonstrated that only one of the two regions, the BLA, is critical for enhancement of eating driven by a learned appetitive cue (Holland et al., 2002) . That finding is consistent with dissociable roles for CEA and BLA found in other behavioral preparations that rely on appetitive cues to modulate behavior (Holland and Gallagher, 1999; Gallagher, 2000; Parkinson et al., 2000; Cardinal et al., 2002; Balleine and Killcross, 2006) . Because these regions together comprise a circuit critical for conditioned fear (Kapp et al., 1984; Davis, 1992; Fendt and Fanselow, 1999; LeDoux, 2000; Maren, 2001) , we examined whether each of these regions is needed for cessation of eating under the influence of a learned aversive cue.
After sham or selective neurotoxic lesions of the CEA or BLA, rats received aversive training sessions in which either a tone or a light CS was paired with footshock. These sessions were interspersed among sessions in which the rats were given ad libitum access to food in distinctive appetitive test chambers, while food deprived. Finally, food consumption was evaluated in a test session that included presentations of the tone in the appetitive test chambers. Sham-and BLA-lesioned rats that had received toneshock pairings showed less food consumption than comparable rats that had received light-shock pairings, and the tone unpaired with shock. In contrast, all CEA-lesioned rats ate similar and substantial amounts of food, regardless of prior tone training. Thus, CEA, but not BLA, was critical for the inhibitory control of feeding by an aversive CS.
Materials and Methods

Subjects
Experimentally naive, male Long-Evans rats (Charles River Laboratories), weighing ϳ300 g on arrival in the vivarium, were individually caged, maintained on a 12 h light/dark cycle, and given ad libitum access to food and water, except as otherwise noted. After 1 week of acclimation to the vivarium, rats were given bilateral, neurotoxic or sham lesions of the CEA or BLA and then allowed to recover for 2-3 weeks before undergoing behavioral procedures. Animal procedures were conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals, and the guidelines of the Johns Hopkins University Institutional Animal Care and Use Committee.
Surgical methods
All surgeries were performed under aseptic conditions using isoflurane gas for induction and maintenance of anesthesia, with rats placed in a stereotaxic frame (Kopf Instruments). Lesions of the BLA were made with 12.5 mg/ml NMDA (Sigma) in a 0.1 M PBS, and lesions of the CEA were made with 10 mg/ml Ibotenic Acid (Biosearch Technologies) in 0.1 M PBS. For the BLA, a total of 0.3 l was infused. The flat skull coordinates from bregma were as follows: anteroposterior (AP), Ϫ2.70 mm; mediolateral (ML), Ϯ4.80 mm; and dorsoventral (DV; taken at the injection site), Ϫ8.70 and Ϫ8.40 mm; 0.2 l was infused at the deeper site and 0.1 l at the shallow site. For the CEA, a total of 0.2 l was infused. The flat skull coordinates from bregma were as follows: AP, Ϫ2.00 mm; ML, Ϯ4.00 mm; and DV (taken at the injection site), Ϫ8.00 mm. Sham lesions were made by infusing phosphate buffer vehicle alone into the CEA or the BLA. Infusions were made through a 30 gauge needle attached by a length of plastic tubing to a 10 l microsyringe (Hamilton) mounted on a syringe pump (Sage Instruments). After each infusion, the needle was left in place for 4 min to allow for diffusion. Immediately after surgery, rats were given buprenorphine (0.01-0.05 mg/kg, s.c.).
Apparatus
Appetitive and aversive sessions were conducted in different behavioral chambers that were located in different rooms. For the appetitive sessions a set of four identical behavioral chambers (30 ϫ 24 ϫ 30 cm; Coulbourn Instruments) was used. Each chamber had aluminum top and sides, a transparent Plexiglas back and front, and a dark navy Plexiglas panel placed on top of the grid floor so rats could not see or feel the grids. Each chamber contained a recessed food cup (3.2 ϫ 4.2 cm). The chambers were also equipped with a "house light" (4W light) mounted on the box wall 20 cm above the food cup. However, the house light was never illuminated during appetitive training sessions or during the test. Dim background illumination was provided by two 25 W red bulbs, each placed 1.5 m from the chambers. The chambers were wiped with 1% acetic acid (J.T. Baker) before an animal was introduced during each session. For the aversive training sessions we used four behavioral chambers (30 ϫ 24 ϫ 30 cm; Coulbourn Instruments) that were modified to differ from the chambers used in the appetitive sessions. These chambers had grid floors, black stripes on the Plexiglas front, and two black Plexiglas sheets were positioned to occlude the aluminum sides, and angled to create a tent-like enclosure. These chambers were equipped with a house light (4W light), which served as a signal for shocks for the rats in the Unpaired groups (see below, Behavioral training). No food cups were provided in the aversive training chambers, which were wiped with 5% ammonium hydroxide (v/v, from 28.0 to 30.0% stock, J.T. Baker) before each animal was placed inside for training. Dim background illumination was provided by two 25 W red bulbs, each placed 1.5 m from the chambers.
Behavioral training
A day before the behavioral protocol began, rats were given ϳ1 g of the food pellets (formula PJPPP, 45 mg; Research Diets) in the home cage to familiarize them with those pellets. The protocol (Fig. 1) then consisted of 11 sessions with seven appetitive (S1, 2, 4, 6, 8, 10, 11), and four aversive (S3, 5, 7, 9) sessions presented in consecutive order. For each session, rats were transported from the vivarium to experimental rooms on a cart in groups of 4. For the appetitive sessions rats were transported in their home cages, while for the aversive sessions they were transported in dark, plastic containers (11.5 ϫ 7.5 ϫ 5 inches). Appetitive and aversive training sessions were conducted in distinct contexts; chambers differing in olfactory, visual, and tactile features were located in different rooms (see above).
Appetitive sessions. Before each session, rats were food deprived for 22 h. Water was available ad libitum throughout the behavioral protocol in the home cage. For each session, rats were placed in the behavioral chamber with 7 g of food pellets in the food cup and allowed to consume food for 10 min. After 10 min, rats were taken out of the behavioral chamber, placed into the home cage, and transported back to the vivarium. Remaining food was removed from the food cup and weighed. Rats were allowed ad libitum access to food for at least 24 h between consecutive food-deprivations (S1, 2, and 10, 11).
Aversive sessions. During aversive training, half of the rats from the three groups (BLA, CEA, and sham lesions) received electric footshocks signaled by a tone (Paired). The other half of the rats received footshocks that were not signaled by a tone (Unpaired with respect to tone), but instead the shocks were preceded by a different nominal cue (house light). A signal for footshocks in the Unpaired groups was provided because we observed in pilot studies that rats receiving unsignaled footshocks in aversive sessions decreased consumption in subsequent appetitive sessions compared to rats that received signaled shocks.
The aversive training protocol consisted of four 10-min-long training sessions that were conducted on separate days. Rats were allowed ad libitum access to food and water for at least 24 h before each aversive session. In the first session (S3), rats were placed in the experimental chamber for 10 min to habituate them to the training context, which was different from the chambers used in the appetitive sessions (see above). To balance out exposure to all cues during training, in the second session (S5) rats in the Paired groups also received four random presentations of the light cue (house light, 60 s), while rats in the Unpaired groups received four random presentations of the tone (75 dB; 60 s). In each of the last two aversive sessions (S7, 9), rats in the Paired groups received two tone presentations each immediately followed by an electric footshock (0.8 mA; 1 s), while rats in the Unpaired groups received two presentations of the light cue each followed by a footshock. Thus, during aversive training all rats received equal number of tones, lights, and shocks but only rats in the Paired groups received tone-shock pairings. The behavioral protocol consisted of alternating appetitive and aversive sessions that were conducted in distinctive experimental chambers (contexts). During appetitive training sessions, food-deprived rats were given ad libitum access to food pellets. During aversive training, half of the rats from the three groups [BLA, CEA, and sham (SH) lesions] received electric footshocks signaled by a tone (Paired). The other half of the rats received footshocks that were not signaled by a tone (Unpaired), but instead a light preceded the shocks. Rats in both conditions received the same number of tone, shock, and light presentations during the overall training protocol. That protocol consisted of four sessions with habituation to the context occurring during the first session (S3). During the second session (S5), rats in the Paired (tone-paired) groups received house-light presentations, and rats in the Unpaired (tone-unpaired) groups received tone presentations to balance out exposure to all cues during the overall training protocol. The footshocks were administered during the third and fourth sessions (S7, S9) when rats in Paired groups received tone-shock, while rats in the Unpaired groups received light-shock presentations. B, Food consumption test. Food-deprived rats were tested for food consumption during the 10 min test with 4 tone CS presentations. The test was conducted in the appetitive context.
Food consumption test.
Before consumption tests, rats were food deprived for 22 h, while water remained available ad libitum. Rats were placed in the appetitive behavioral chamber with 7 g of food pellets in the food cup and allowed to consume food. During the test, four tones (75 dB; 60 s) were spaced at 90 s intervals. Behavior during the test was videotaped. After 10 min, rats were taken out of the behavioral chamber, placed into the home cage and transported back to the vivarium. Remaining food was removed from the food cup and weighed.
The experiments were conducted in two replications with 48 rats in each. In one of the replications rats did not receive cue presentations during the second aversive session (S5; cue habituation) due to a technical malfunction. Otherwise, the replications were identical. One rat from the sham-lesioned, unpaired group had to be removed from the study because of incomplete data.
Behavioral analysis. Freezing and food-cup (nose-pokes into the food cup) behaviors were assessed for each rat during the test. Observations were made every 1.25 s during the entire 60 s of CSs, the 10 s immediately preceding the CSs (pre-CS periods), and an additional 25 s during the intertrial intervals (ITIs). At each observation, only one behavior was recorded. The observers were blind with respect to rat's lesion and pairing condition. The sum of all observations, which totals 6.33 min during the 10 min test represents "total time" in the text. The percentage of time the rats spent expressing each behavior was calculated for periods during CS, pre-CS, ITIs, or during total time.
Statistics. Behavioral data were analyzed using ANOVA, followed by Fisher's PLSD tests, where appropriate. In all cases, p Ͻ 0.05 was considered significant.
Histological procedure. After completion of all behavioral procedures, rats were anesthetized and perfused intracardially with 0.9% saline, followed by 4% Formalin in 0.1 M PBS. The brains were removed and stored in the Formalin solution used for perfusion with 12% sucrose for 24 h. The brains were sliced on a freezing microtome, and coronal sections (30 m) that were collected through the amygdala were mounted on slides and stained with thionin. Lesion placements were verified under a light microscope and drawn onto plates adapted from rat atlas (Swanson, 2004) .
Results
Histology
Neurotoxic lesions were targeted to either the CEA or the BLA (includes the basolateral, basomedial, and lateral nuclei) of the amygdala. The extent of selective lesions of the CEA (n ϭ 18) and BLA (n ϭ 18) is shown in Figure 2 . Lesions were rejected according to a preestablished criterion if the overall unilateral damage was Ͻ50%, or if that amount of minimal damage was only achieved in one hemisphere (n ϭ 13). Nonselective lesions that produced substantial damage to both the CEA and BLA were also excluded from the study (n ϭ 19). Of those, 7 rats in the paired and 6 in the unpaired condition had complete, or near complete BLA and CEA lesions, and are termed BLAϩCEA in the text. No tissue damage was observed in sham-lesioned controls that received buffer injections into either the CEA or BLA.
Behavioral training and tests
After recovery from surgeries, rats were trained in the behavioral protocol ( Fig. 1) with alternating appetitive and aversive sessions that were conducted in distinctive contexts (different behavioral chambers). The BLA-, CEA-, and sham-lesioned rats in the paired or unpaired groups had similar body weights at the beginning of training (Sham-P, 443 Ϯ 8 g; Sham-U, 424 Ϯ 8 g; BLA-P, 430 Ϯ 11 g; BLA-U, 440 Ϯ 16 g; CEA-P, 448 Ϯ 10 g; CEA-U, 449 Ϯ 13 g), and at the time of the consumption test at the end of the protocol (Sham-P, 455 Ϯ 8 g; Sham-U, 437 Ϯ 9 g; BLA-P, 437 Ϯ 12 g; BLA-U, 460 Ϯ 17 g; CEA-P, 465 Ϯ 11 g; CEA-U, 470 Ϯ 17 g). An ANOVA of body weight at the beginning of training with lesion type (BLA, CEA, or sham) and training condition (Paired or Unpaired) as factors revealed no effect of pairing, lesion, or lesion by pairing effect ( p Ͼ 0.05 for each). Similarly, at the time of the consumption test there was no effect of pairing, lesion, or lesion by pairing effect ( p Ͼ 0.05 for each). During appetitive sessions food-deprived rats were given ad libitum access to food pellets. All groups of rats ate considerable amounts of food pellets during those sessions (Fig. 3 ). An ANOVA analysis of consumption with lesion condition as a factor revealed no statistically significant difference among the groups in any of the sessions ( p Ͼ 0.05 for each session). Overall consumption was somewhat decreased in the sessions that followed aversive training with foot-shock exposure (indicated with arrows on Fig. 3) . Comparison of consumption during the session that occurred before aversive training with shocks (S6) with the consumption during sessions that followed each aversive training with foot-shocks (S8, S10) showed that the decrease was statistically reliable for rats in all lesion conditions ( p Ͻ 0.05 for all lesions groups for S6 vs S8 and S6 vs S10).
During aversive training, Paired rats received tone-shock pairings and unshocked light presentations, and Unpaired rats received unshocked tone presentations and light-shock pairings. As a crude measure of responding to the shocks, we recorded defecation during these sessions, and found that all groups excreted similar numbers of boli, and more boli during sessions with shocks than during sessions without shocks (Table 1) .
After aversive training, food-deprived rats were tested for food consumption in the appetitive context when four tone CS presentations occurred in the 10 min test (Fig. 4) . Sham-lesioned rats that previously received tone-shock pairings (Paired group) inhibited consumption compared to rats in the sham control group that received tone and shocks unpaired during aversive training (Unpaired group). The BLA-lesions spared this CS suppression of feeding; rats in the BLA Paired group ate less than rats in the BLA Unpaired group. In contrast, all CEA-lesioned rats ate similar substantial amounts of food during the consumption tests (Fig. 4 ). An ANOVA of food consumption during the test with lesion type (BLA, CEA, or sham) and training condition (Paired or Unpaired) as factors revealed a main effect of pairing (F (1,57) ϭ 11.747, p Ͻ 0.002), but no lesion (F (2,57) ϭ 2.381, p ϭ 0.1016) or lesion by pairing effect (F (2,57) ϭ 1.381, p ϭ 0.2596). Subsequent comparisons revealed that sham-lesioned rats in the paired group consumed significantly less food than sham-lesioned rats in the unpaired group ( p Ͻ 0.05). Similarly, the consumption by BLAlesioned rats in the paired group was significantly less than the consumption by BLA-lesioned rats in the unpaired group ( p Ͻ 0.01), while there was no difference in consumption by rats with CEA lesions in Paired and Unpaired groups ( p Ͼ 0.05). Furthermore, food consumption did not differ for sham and BLA lesion groups in the Paired condition ( p Ͼ 0.05) while the CEAlesioned rats in the Paired group ate significantly more than sham-lesioned Paired rats ( p Ͻ 0.05).
We also measured laboratory chow consumption in the home cage during the first hour immediately after the tests. Rats in all groups consumed similar amounts of laboratory chow in the home cages after tests (Sham-P, 5.6 Ϯ 0.4 g; Sham-U, 5.8 Ϯ 1.0 g; BLA-P, 6.7 Ϯ 1.0 g; BLA-U, 5.7 Ϯ 0.5 g; CEA-P, 6.6 Ϯ 0.5 g; CEA-U, 5.8 Ϯ 1 g). An ANOVA analysis of laboratory chow consumption post-test with lesion type (BLA, CEA, or sham) and training condition (Paired or Unpaired) as factors revealed no effect of lesion, paring, or lesion by paring interaction ( p Ͼ 0.05 for each).
Consistent with the above findings, we observed that rats whose lesions extended across both the BLA and CEA (BLAϩ CEA) showed impairment in inhibition of eating under the aversive tone, similar to the CEA lesions. All rats that had combined BLA and CEA lesions ate substantial amounts of food during the tests (BLAϩCEA Paired, 3.8 Ϯ 1.0 g; BLAϩCEA Unpaired, 4.3 Ϯ 0.7 g) (see Fig. 6 ).
In addition to food consumption, during the tests we measured conditioned freezing behavior, a species-typical defense response characterized by the absence of all movement except that required for breathing (Fanselow, 1984) . Rats across all lesion and pairing conditions showed minimal freezing during the pre-CS period before the first CS presentation (Ͻ3%). As a reflection of conditioned fear, sham-lesioned rats in the paired group spent a substantial amount of time freezing during the CS presentations compared to rats in the unpaired sham group ( Fig.  5A ; see also supplemental Fig. 1 A for behavior during individual CSs, available at www.jneurosci.org as supplemental material). Consistent with much prior research (see Discussion), lesions of the BLA, or of the CEA, abolished this effect; all rats with those lesions showed minimal freezing during the CS, comparable to that of unpaired sham-lesioned rats (Fig. 5A ). An ANOVA of the percentage of time spent freezing during the CS presentation with lesion type (BLA, CEA, or sham) and training condition (Paired or Unpaired) as factors revealed main effects of lesion (F (2,57) ϭ 9.786, p ϭ 0.0002), pairing (F (1,57) ϭ 24.629, p Ͻ 0.0001), and a lesion by pairing interaction (F (2,57) ϭ 7.289, p ϭ 0.0015). Subsequent comparisons showed greater freezing by sham-lesioned rats in the paired group relative to all other groups ( p Ͻ 0.0001).
The difference in the amount of freezing between other groups was not statistically significant ( p Ͼ 0.05). Analysis of the total amount of time spent freezing during the test yielded similar results (Fig. 5B ). Behavioral observations were made during 6.3 min of the 10 min test (during CSs, pre-CSs, and portions of the ITI intervals, see Materials and Methods for details), and the total percentage of time spend freezing during that period is shown. An ANOVA of the percentage of total time spent freezing during the test with lesion type (BLA, CEA, or sham) and training condition (Paired or Unpaired) as factors revealed significant effect of lesion (F (2,57) ϭ 14.233, p Ͻ 0.0001), pairing (F (1,57) ϭ 31.111, p Ͻ 0.0001), and lesion by pairing interaction (F (2,57) ϭ 6.926, p ϭ 0.002). Subsequent comparisons confirmed that the sham-lesioned rats in the paired group showed significantly greater freezing compared to all other groups ( p Ͻ 0.0001), while the BLA-lesioned rats in the unpaired group rats appeared to freeze less than sham or CEA rats in unpaired groups, that effect was not statistically reliable for freezing during CS, or total freezing during test ( p Ͼ 0.05 for BLA-U vs Sham-U, and BLA-U vs CEA-U). However, the difference between BLAlesioned rats in the unpaired group and BLA-lesioned rats in the paired condition was statistically significant ( p Ͻ 0.05). While an interpretation of that observation is not certain, it might reflect a BLA role in processing of contextual information necessary for discrimination between the different environments in which tests and aversive training were conducted.
As expected, rats with combined lesions of the BLA and CEA (BLAϩCEA) in paired and unpaired conditions showed minimal freezing behavior during the CS presentation (BLAϩCEA Paired, 3.9 Ϯ 4%; BLAϩCEA Unpaired, 1 Ϯ 1%) and during the 10 min test (BLAϩCEA Paired, 3.7 Ϯ 2%; BLAϩCEA Unpaired, 0.7 Ϯ 0.7%) ( Fig. 6 ; see supplemental Fig. 1 A for behavior during individual CSs, available at www. jneurosci.org as supplemental material).
The current data show that BLA lesions produced divergent effects on freezing and eating in the presence of an aversive CS (tone)-those lesions greatly decreased CS-induced freezing compared to the shams, but left CS-inhibition of eating intact and comparable to the shams. In contrast, the CEA lesions abolished both behavioral responses to the CS. However, the BLAlesioned rats in the paired condition exhibited slightly more freezing than the CEA-lesioned paired group ( p Ͼ 0.05), or sham-lesioned unpaired controls ( p Ͼ 0.05) during the test. Thus, to examine whether the residual freezing in the BLAlesioned rats might contribute to inhibition of eating, we removed two rats with the highest freezing scores to match freezing exhibited by the remaining rats (n ϭ 6) with that of the CEAlesioned paired group and sham-lesioned unpaired group (Fig.  6 B) , and then examined whether any change in eating scores was observed as a consequence (Fig. 6 D) . The average pellet consumption of the remaining BLA rats was almost identical (even slightly lower) compared to the average consumption exhibited by the entire BLA group (Fig. 6 C,D) . Thus, those data indicate that inhibition of eating in rats with BLA lesions was not due to residual freezing in that treatment condition.
Finally, we also analyzed time spent in food-cup (food-cup behavior) during the test ( Fig. 7 ; see supplemental Fig. 1 B for behavior during individual CSs, available at www.jneurosci.org as supplemental material). We found that the overall pattern of food-cup behavior was similar to the eating behavior observed during the test such that the behavior of the BLA-lesioned rats was similar to that of sham-lesioned controls, while behavior of the CEA-lesioned rats was similar to the BLAϩCEA-lesioned rats (Fig. 7A ). An ANOVA of total food-cup behavior during the test with lesion type (BLA, CEA, sham, or BLAϩCEA) and training condition (Paired or Unpaired) as factors revealed a main effect of pairing (F (1,68) ϭ 14.519, p ϭ 0.0003) and lesion (F (3,68) ϭ 3.303, p ϭ 0.0254), but no lesion by pairing effect interaction (F (3,68) ϭ 0.135, p ϭ 0.9389). Subsequent comparisons revealed that sham and BLA rats in tone-paired condition inhibited foodcup behavior compared to the rats in Unpaired groups ( p Ͻ 0.05 for Sham-P vs Sham-U and BLA-P vs BLA-U), while a slight decrease in Paired CEA-and BLAϩCEA-lesioned rats was not statistically different from the Unpaired ( p Ͼ 0.05).
Detailed analysis revealed that all groups showed similar foodcup behavior before the first CS presentation (Fig. 7C ). All groups that had received shock previously paired with tone decreased food-cup behavior during CSs (Fig. 7B , see also supplemental Fig.  1 B for behavior during individual CSs, available at www. jneurosci.org as supplemental material). However, after the first CS presentation, Sham-P and BLA-P rats continued to suppress food-cup behavior during the intertrial periods that followed CSs, while the CEA and BLAϩCEA did not (Fig. 7D) . Results from the statistical analysis support these observations. An ANOVA of food-cup behavior before that first CS presentation with lesion type (BLA, CEA, sham, or BLAϩCEA) and training condition (Paired or Unpaired) as factors found no effect of pairing (F (1,68) ϭ 0.053, p ϭ 0.8184), lesion (F (3,68) ϭ 0.121, p ϭ 0.362), or lesion by pairing effect (F (3,68) ϭ 0.602, p ϭ 0.6161). An ANOVA of food-cup behavior during the intertrial periods after the first CS presentation with lesion type (BLA, CEA, sham, or BLAϩCEA) and training condition (Paired or Unpaired) as factors revealed a main effect of pairing (F (1,68) ϭ 8.291, p ϭ 0.0053), but no significant lesion (F (3,68) ϭ 2.388, p ϭ 0.0765) or lesion by pairing interaction (F (3,68) ϭ 0.232, p ϭ 0.697). Subsequent comparisons revealed that BLA and shams inhibited food-cup behavior compared to the Unpaired controls ( p Ͻ 0.05 for Sham-P vs Sham-U and BLA-P vs BLA-U), while the CEA and BLAϩCEA did not ( p Ͼ 0.05 for CEA-P vs CEA-U and BLAϩCEA-P vs BLAϩCEA-U).
An ANOVA of food-cup behavior during the CSs with lesion type (BLA, CEA, sham, or BLAϩCEA) and training condition (Paired or Unpaired) as factors revealed a main effect of pairing (F (1,68) ϭ 22.918, p Ͻ 0.0001), and lesion (F (3,68) ϭ 4.573, p ϭ 0.0056), but no lesion by pairing interaction (F (3,68) ϭ 0.125, p ϭ 0.9452). Furthermore, all rats in Paired groups spent significantly less time expressing food-cup behavior compared to Unpaired controls ( p Ͻ 0.05).
These data provide further support for different roles of the BLA and CEA in the control of behavior by aversive CSs.
Discussion
Here, we present evidence that the control of eating by an aversive cue critically depends on the CEA, but still occurs when the BLA alone is damaged. We used a preparation in which food-deprived rats inhibit food consumption when presented with a tone (CS) previously paired with footshocks (US). Bilateral, neurotoxic, lesions of the CEA abolished this effect. In contrast, rats with bilateral, neurotoxic lesions of the BLA showed CS-driven inhibition of food consumption. The cessation of eating in this preparation is not merely a consequence of immobilization due to CSinduced conditioned freezing. Both the BLA-and CEA-lesioned rats greatly reduced freezing compared to the sham-lesioned rats, but only the CEA-lesioned rats failed to control feeding in the presence of an aversive CS. These data suggest that the influence of CS on eating is independent of CS-induced freezing, and engages dissociable amygdalar subsystems.
Recently, we reported a dissociation between the involvement of the BLA and CEA in another setting in which learned cues control eating. In contrast to the current findings, enhancement of eating by an appetitive CS is dependent on the integrity of the BLA, but not CEA (Holland et al., 2002; Holland and Petrovich, 2005) . Thus, that finding together with the current data demonstrate a double dissociation between amygdalar subsystems that control food consumption by appetitive and aversive CSs. In both paradigms, the CS modulates feeding based on motivational properties acquired through Pavlovian conditioning. However, the CS effects on feeding in the appetitive and aversive conditioning protocols are opposite, and are most likely mediated via distinct motivational processes. In that regard, cessation of eating in anticipation of danger is an adaptive response that is part of a broad recruitment of preparatory and motivational systems critical for defensive behavior. In contrast, CS-driven eating, which depends on BLA, has specificity for the food US used in the training protocol rather than a more general process affecting consumption of all food . Thus, these processes might relate to the recently proposed roles for the CEA and BLA in general and specific motivation, respectively (Balleine and Killcross, 2006; Seymour and Dolan, 2008) .
In contrast to dissociable roles in the control of eating, both the BLA and CEA are necessary for conditioned freezing. Here we confirmed that lesions of either the CEA or BLA abolished CS driven freezing behavior in agreement with previous work (Maren, 2001; Fanselow and Poulos, 2005; Lee et al., 2005) . These results, however, do not distinguish whether the two structures act independently or whether the communication between the CEA and BLA is critical; impairments produced by elimination of either structure could be due to disruption of BLA-to-CEA connections as suggested in some circuit models of conditioned fear (LeDoux, 2000; Maren, 2001; Fanselow and Poulos, 2005) or could be due to disruption of separate, parallel BLA-and CEAcircuits (Killcross et al., 1997; Phillips et al., 2003; Balleine and Killcross, 2006; Seymour and Dolan, 2008) whose simultaneous activation might be necessary for conditioned freezing. A functional disconnection of the BLA-CEA pathway, which would resolve this issue, to our best knowledge, has not been performed.
Our data, nonetheless, indicate that the critical circuitry for the ability of an aversive CS to modulate feeding includes CEA independent of the BLA. In that regard, it is notable that our BLA lesions included damage to the basomedial (BM), basolateral (BL), and lateral (LA) nuclei. Importantly, the LA does not send direct input to the main CEA output, the medial part of the CEA (Pitkänen et al., 1995; Swanson and Petrovich, 1998) , but reaches it mainly via relays in the BL and BM. Thus, our BLA lesions disrupted the LA-BM/BN-CEA pathways, making it unlikely that these connections contribute to the CEA role observed here. Additionally, there is evidence that the CEA itself can support aversive learning induced by tone-shock pairings. It receives and processes sensory information independent of the BLA (Swanson and Petrovich, 1998; Rosenkranz et al., 2006) , and its role in aversive cue acquisition was recently demonstrated in a conditioned fear paradigm (Wilensky et al., 2006) . Consequently, multiple CS-US associations might be generated concurrently within different amygdalar subsystems to support somewhat distinct CS functions.
The CEA in turn could influence feeding mechanisms via multiple routes. Its output network includes direct projections to the brainstem, lateral hypothalamus, and bed nuclei of the stria terminalis (Swanson and Petrovich, 1998; Dong et al., 2001) , as well as indirect pathways to the paraventricular nucleus of the hypothalamus (Prewitt and Herman, 1998; Dong et al., 2001 ). Other functional evidence shows the CEA has access to regulation of a conditioned insulin response (Roozendaal et al., 1990) and can modulate -opioid-induced feeding in the nucleus of the solitary tract (Giraudo et al., 1998b) and in the paraventricular hypothalamic nucleus (Giraudo et al., 1998a) . Furthermore, a neuronal network that supports dehydration-induced anorexia also includes the CEA (Watts, 2001; Watts et al., 2007) .
It is instructive to compare potential circuits for feeding regulation with those for other functions of the CEA in defensive conditioning. In another study (Petrovich et al., 2006 ) (our unpublished observations) we observed CS-produced inhibition of eating in the absence of conditioned freezing after damage to a midbrain target of CEA known to be critical to conditioned freezing, the ventrolateral region of the periaqueductal gray (PAGvl) (Amorapanth et al., 1999) . Bilateral electrolytic lesions of the PAGvl, made after training in which rats received tone-footshock pairings, abolished conditioned freezing during a test with tone (CS) presentations. Nevertheless, both sham-and PAGvl-lesioned rats inhibited eating in the presence of the CS (Petrovich et al., 2006) . Thus, additional studies are needed to define the outputs of CEA that modulate feeding in this paradigm.
Here, we used a preparation that results in inhibition of eating in response to a stress cue. However, the relationship between stress and eating is complex, and could result in enhancement of eating, and even obesity in chronic settings (Levine and Morley, 1981; Badiani et al., 1996; Polivy and Herman, 1999; Hagan et al., 2002; Dallman et al., 2005; Tamashiro et al., 2007) . Interestingly, results from human studies suggest that dieting critically modulates stress response. Individuals defined as restrained eaters (chronic dieters) show enhancement of eating in response to stress that typically inhibits eating in control (nonrestrained) eaters (for review, see Polivy and Herman, 1999) .
Our findings highlight an amygdalar subsystem critical for short-term anorexia triggered by an impending aversive event. The CEA and its associated network may also be critical for longer-term suppression of eating, triggered by repeated stress, fear, and anxiety. As such, dysfunction within this system could contribute to anorexia nervosa, which is associated with affective disorders and depression (Klein and Walsh, 2004; Kaye, 2008) . Indeed, recent findings from human brain imaging studies support an amygdalar role in anorexia nervosa. Abnormal amygdalar functioning (Takano et al., 2001 ) and a decrease in its volume (Giordano et al., 2001) in anorexia nervosa patients have been reported. Others have reported greater amygdala activation among anorexia patients in a symptom provocation protocol based on a core feature of the disorder involving fear of becoming fat despite being underweight (Seeger et al., 2002) . Interestingly, in another study the amygdala was recruited in non-eating disordered young women when viewing pictures of slim/idealized female bodies, and its activity was correlated with increased anxiety induced by those images (Friederich et al., 2007) .
In conclusion, here we provide evidence that a specific region of the amygdala, the CEA, but not the BLA, is critical for the ability of a learned cue to induce short-term cessation of feeding in food-deprived rodents. The animal model may also be relevant to regulation of eating in humans, and provides a framework for defining the critical brain substrates that could lead to conditions affecting food intake in other settings, such as anorexia.
